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Abstract

The thesis entitled “Design, Synthesis and Conformational Studies of β-, γ-, β/γ-Peptides Derived From C-Linked Carbo-β/γ-Amino Acids” is divided into two chapters.
Chapter I: Molecular Dynamic Simulation Studies on -Peptides Derived From C-Linked Carbo--Amino Acids

This section is dealt with the Molecular Dynamics simulation studies of new class of C-linked carbo -peptides, using distance information from the ROSEY experiments and coupling constants. 
Computer simulation techniques became very important tools for understanding the physical basis of the structure and function of biological macromolecules. In particular, Molecular Dynamics (MD) simulations1-3 can provide the ultimate detail concerning individual particle motions as a function of time. Thus, they can be used to address specific questions about the properties of a model system, often more easily than experiments on actual systems. Of course, experiments play an essential role in validating the simulation methodology: comparisons of simulation and experimental data serve to test the accuracy of the calculated results and to provide criteria for improving the technique. Recent experimental advances allowed an increasingly accurate description of short time protein dynamics, that is more accessible to atomically detailed computer simulations and therefore open the way for more meaningful comparison to experiments.
MD simulations of new class of C-linked carbo -peptides, using distance information derived from the ROSEY experiments by the use of CVFF force field (Consistent Valence Force Field), enables the resolution of seeming inconsistencies in the experimental data. In our design on the synthesis of peptides, we have used the concept of “alternating chirality” with the epimeric C-linked carbo--amino acids 1 and 2 as the controlling point in defining stable helices in the C-linked carbo--peptides 3-9 (Figure 1).



MD simulations were performed on the above peptides using NMR experimental data by the use of CVFF force field with Discover in Insight-II program4 on Silicon Graphics Work station. Each peptide 1ns (nanosecond) long simulations at 300 K were performed and the structures sampled were compared to primary experimental data such as proton-proton NOE intensities and 3J-coupling constants. These structure calculations for the peptides using observed NOE restraints and dihedrals have resulted in a closely related family of right-handed 12/10-helical conformations.
Peptides 3-5 formed right-handed mixed 10/12-helix and backbone NOE distances NH(i)/NH(i+1) qualify a 10-membered hydrogen bond (H-bond) between NH(1)-CO(2), NH(3)-C=O(4) in 3, NH(1)-CO(2), NH(3)-C=O(4), NH(5)-C=O(6) in 4 (Figure 2), NH(1)-CO(2), NH(3)-C=O(4), NH(5)-C=O(6) and NH(7)-C=O(8) in 5, whereas CH(i)/NH(i+2) and CH(i)/CH(pro-R) (i+2) qualify a 12-membered H-bond involving CO(1)-NH(4) in 3, CO(1)-NH(4), CO(3)-NH(6) in 4, CO(1)-NH(4), CO(3)-NH(6) and CO(5)-NH(8)  in 5. 
Figure 2 depicts bundle of 20 minimum energy structures of 4. In the Figure 2A the sugars have been replaced with methyl groups after the MD calculations. For clarity, but for the amide proton, all other protons have been removed from these structures. Clearly, this -peptide folds into a 10/12-mixed helix with hydrogen bonds from NH(i) to C=O residue of (i+1), displaying a 10-membered H-bonding, and C=O of residue (i-3) to NH residue (i), displaying a 12-membered H-bonding.
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Figure 2: MD Pictures (A) Side view of 4; (B) top view of 4 from C-terminus

Peptides 6-9 (Figure 1) formed right-handed mixed 12/10-helix and backbone NOEs CH(i)/NH(i+2) and CH(i)/CH(pro-R) (i+2) qualify a 12-membered H-bond involving CO(Boc)-NH(3) in 6, CO(Boc)-NH(3) in 7, CO(Boc)-NH(3), CO(2)-NH(5) in 8, and CO(Boc)-NH(3), CO(2)-NH(5), CO(4)-NH(7)  in 9, whereas NH(i)/NH(i+1) NOEs qualify a 10-membered H-bond between NH(2)-CO(3) in 6, NH(2)-CO(3) in 7, NH(2)-CO(3), NH(4)-CO(5) in 8, NH(2)-CO(3), NH(4)-CO(5), NH(6)-CO(7) in 9.
In all this simulated structures, the expected hydrogen bonds were observed. In all these conformers the dihedral angle of N-C-C-C for both (S)-3-Caa and (R)-3-Caa are in gauche form ( = 60), a pre-requisite for a helical structure in -peptides. In peptides 3-5, backbone to side chain dihedral angles of all the residues H-C-C4-H () is 180, but for the second residue dihedral angle is ~ 60, whereas in peptides 6-9, first residues of  is ~ 60. (R)-3-Caa, with (R)-configuration at C, always takes part in 12-membered H-bonding, while C-C4 bond is positioned perpendicular to the helix axis, which stabilizes the helix. (S)-3-Caa, with (S)-configuration at C, always takes part in 10-membered H-bonding, C-C4 bond is positioned in along the helix axis, which creates 1.5 kcal destabilization. Even though small steric constraints are there, still the design based on alternating chirality resulted in mixed helices, with unique single robust conformations in as short as tri- and tetrapeptides.
As discussed above residue in the right-handed mixed helices, contribution of steric repulsion by (S)-3-Caa in the concept of ‘alternating chirality’, made them to be inferior in energy to Seebach’s mixed helices.5,6 In order to overcome the steric limitations, though are very low and not disrupting the helical formation, we continued to work on mixed -peptides containing 3-Caa (1) or (2) and -hGly. Introducing -hGly unit, which don’t have substitution on either 2 or 3 carbons may result into random structures on one hand, and on the other hand -hGly, homologue of Glycine, may provide more conformational freedom by replacing alternatingly 3-Caa (1) or (2). 



MD simulations were performed on the mixed -peptides 10-15 (Figure 3 and Figure 4) using NMR experimental data by the use of Tripos force field in SYBYL program7-9 on Silicon Graphics Work station. These peptides were placed at the center of a periodic truncated octahedron box. The minimum distance from any peptide atom to the box wall was chosen in this initial configuration as 14 Å. This box was filled with chloroform solvent molecules such that the distance between (non-hydrogen) solvent and solute atoms was bigger than 0.23 nm. These peptides were performed 500 ps long simulations using at constant temperature (300 K) and pressure (1 atm).
Structure calculations for the peptides 10 and 11 (Figure 3) have resulted in a closely related family of right-handed 12/10-helical conformations, whereas, 12 and 13, (Figure 4) with N-terminus -hGly gave right-handed 10/12-helix. Peptide 14 (Figure 4) was observed in left-handed mixed 12/10-helical conformation, while 15, with -hGly at N-terminus has shown left-handed 10/12-helical conformation. Figure 5 shows the left-handed 12/10-helix and right-handed 12/10-helix with hydrogen bonding.



In these mixed peptides, inspite of the availability of appreciable conformational freedom due to insertion of -hGly, mixed helices take intrinsically the most favored structures with amide of -hGly participating in 10-membered H-bonds and amide of 1 and 2 taking part in 12-membered H-bonds. The conformational preferences of 1 and 2 drive -hGly to participate in robust 12/10… and 10/12… helical structures. 
Chapter II: Design, Synthesis and Conformational Studies of - and /-Peptides Derived From C-Linked Carbo-- and -Amino Acids 

Section A.	Synthesis of Novel C-linked Carbo--Amino Acids: Design, Synthesis and Conformational Studies of Oligomers with Dipeptide Repeats of C-linked Carbo-4-Amino Acids and -Aminobutyric Acid

This section is dealt with the synthesis and conformational studies of new class of C-linked carbo -peptides. 
The design of nonnatural oligomers that form diversified secondary structures is an active area of research. An extensive search of the -peptide class of foldamers has provided several new secondary structures, while the -peptides, despite the possibility of having and traversing a larger conformational space, have received less attention. Based on our earlier findings on mixed -peptides,10 and Gellman’s previous predictions11 for -aminobutyric acid derivatives, about nearest neighbor hydrogen bonds using IR techniques, we envisaged that mixed -peptides might adopt novel interesting secondary structures. Hence, the requisite monomeric -Caas 16 and 17 were synthesized, wherein methylene group would be incorporated between -CH2 and CO of -Caa, resulting a new class of monomer, C-linked carbo -amino acid (-Caa). This extra CH2 group creates well-defined backbone conformations and more stable structures compared to the natural peptides stated by Seebach et al.12 Arndt-Eistert homologation method was used on -amino acids for the preparation of enantiomerically pure -amino acid derivatives (Scheme 1). 
	
Monomers 16 and 17 (Scheme 1) were independently coupled with -aminobutyric acid (GABA) alternatingly by conventional peptide coupling methods to afford peptides 18, 19 and 20, 21 (Figure 6) respectively. 
The conformations of -peptides can be analyzed in terms of the main chain backbone torsional angles, which are assigned the angles , , 1, 2 and . Folded helical conformations of -peptides require a gauche conformation about the 1 and 2, torsion angles defined by the C3-C4 and C2-C3 bonds respectively. According to theoretical calculations the two central torsion angles 1 and 2 only in 60 and 180 arrangements forming more stable folded helical structures.

Peptides 18 and 19 (Figure 6) have shown left-handed helical structure whereas 20 and 21 (Figure 6) did not show any helical signatures. Because of the energy difference between two different epimeric monomers, peptides 20 and 21 may not switch into form any kind of helical structures.
	
Restrained MD simulations were performed on peptides 18 and 19 using distance constrains, which were derived from the ROSEY experiments by using a two-spin approximation, to generate a structure for these peptides that is consistent with NMR experimental data. These studies confirmed the presence of a left-handed 9-helical structure. Figure 7 depicts a superimposition of 15 lowest energy structures for 18 and 19. For clarity, all the protons have been removed and sugar units were replaced by methyl groups after the MD calculations.

         
   				
Figure 7: Stereo-view of superimposed 15 minimum energy structures: (A) tetra-     peptide 18 and (B) hexapeptide 19

Helix formation is often discussed solely on the basis of energy data, according to energy calculations by Hofmann et al.13 Thus, in the present study on the peptides 20-21 derived from (R)--Caa, the unfavoured substitution pattern might be responsible for the disruption of helix formation. Thus, the theoretical studies on -peptides throw some light on why the peptides 20 and 21 differed in helix formation based on the energy consideration. This is also further explained by mass spectral fragmentation.14 
The CID (collision induced dissociation) mass spectra of [M-H]- ions of diastereomeric isomers 16 and 17 displayed difference in the fragment ion abundances. A theoretical study on the relative stabilities of these negative ions using simulated annealing dynamic studies in SYBYL 6.7 program on Silicon Graphics O2 workstation was carried out to explain the pattern of difference in the fragmentation. 
The CD spectra of tetra- and hexapeptides 18 and 19 suggest the adoption of a distinctive secondary structure. It has shown maxima at about 200 nm, zero crossing at 208 nm and minima at about 215 nm. 	
For the first time a new class of -amino acids, viz. C-linked-carbo--amino acid, (S)--Caa and (R)--Caa are prepared. The -peptides derived from (S)--Caa/GABA resulted in identification of left-handed 9-helix for first time, as a new helical structure in the domain of ‘foldamers’. On the other hand, the -peptides made from (R)--Caa have not shown the presence of any secondary structures. Thus, both the theoretical studies by Hoffman and mass spectral studies on the -Caas, amply indicate that the steric configuration that is not present in (S)--Caa is responsible for the formation of a stable 9-helix. 

Section B.	Design, Synthesis and Conformational Studies of New Class of /- Hybrid Peptides Containing C-Linked Carbo--Amino Acids and -Amino Acids 

This section is dealt with the synthesis and conformational studies of new class of C-linked carbo /-hybrid peptides. 
Based on Hofmann’s theoretical calculations15 and our earlier findings on /-hybrid peptides,16 with heterodimer motif derived from (S)--Caa and L-Ala repeats generating unprecedented right-handed 11/9-mixed helices, despite having a different backbone geometry, we envisaged that hybrid /-peptides might adopt interesting novel secondary structures.
New class of C-linked carbo /-hybrid peptides 22-24 (Figure 8) were prepared from the corresponding -Caas (1 and 2) and -Caas (16 and 17) in solution by using EDCI and HOBt as coupling reagents.

From our earlier studies on the -Caa derived peptides and the mass spectral fragmentation of the -Caa derived dipeptides, it was amply evident that the carbohydrate side chain and the stereochemistry at the amine bearing stereocentre, indeed control conformations in the derived peptides. The rigidity differences in the (S)- and (R)-epimeric -Caa residues play a crucial role in defining the helical conformations. In /-peptides 22-24, with carbohydrate side chains having (S)- stereo center in both -Caa and -Caa, have shown to fold into stable secondary structures in solution. These tetra-22, penta-23 and hexapeptides 24 have shown unprecedented left-handed 11/13-mixed helix. 
Using the NMR data, restrained MD simulations were performed to further confirm the presence of the 11/13-mixed helix. Figure 9 shows 20 lowest energy superimposed structures of 22 and 23. The RMSD of the backbone and the heavy atoms for 22 (Figure 9A) are 0.41 and 0.61 Å, whereas for 23 (Figure 9B) the corresponding values are 0.49 and 0.92 Å respectively. The average values of the dihedral angles (excluding the C- and N-termini) in 22 are:   142±4,   66±2,   -10±4;   121±2, 1  -81±2, 2  58±2 and   -101±3, while for 23 are:   145±5,   68±3 and   -8±6;   123±3, 1  -84±3, 2  63±4 and   -106±4. These values agree with those for the higher energy 11/13III-helix reported by Hofmann et al.15 
    








		

Figure 9: Stereo-view of (A): peptide 22 and (B): peptide 23 (sugars are replaced with methyl groups after calculations)

In the /-hybrid peptides, side chains at the β-residues Cγ-C4 (of sugar ring) bond is placed along the helix axis, whereas those in the γ-residues take an equitorial orientation and has a pitch of ~ 5.9 Å, with ~ 2.7 residues/turn and a ~ 2.2 Å rise/residue. 
Thus, the synthesis and conformational analysis of /-hybrid peptides 22-24 have shown a new class of 11/13-mixed helix for the first time. Further, our new design gives the first experimental proof to Hofmann’s recent predictions of the secondary structures in /-peptides. 
C-linked carbo /-hybrid peptides 25-31 (Figure 10) were prepared from the corresponding -Caas (1 and 2) and -Caas (16 and 17) in solution by using EDCI and HOBt as coupling reagents. 

1H NMR spectra of the peptides 25-27 (Figure 10) have shown good dispersion of all backbone proton resonances and low-field resonation of amide protons (> 7 ppm) in CDCl3 indicating that the presence of a stable secondary structure. CD spectra of these peptides though depicted maxima at 201 nm, which differs from the peptides starting with (S)--Caa and (S)--Caa dipeptide repeating units, we could not confirm helical patterns in 25-27 due to non availability of sufficient data from NMR data. The /-peptides 28-31 (Figure 10) derived by the design of alternating chirality, thus have not shown any secondary structures. 
Likewise, /-peptides 32-33 (Figure 11) containing alternating (S)--Caa and -hGly have also not shown any kind of structures. The unfavoured substitution pattern might be responsible for disruption. 
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Figure 5: (A) Left-handed 12/10-helix for 14 and (B) Right-handed 12/10-helix for 11
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